RT-PCR amplification of P450 2C6 from rat liver, using primers in opposite orientations of exon 6, resulted in PCR products containing segments of exons joined at non-consensus splice sites. Moreover, many of the PCR products identified were composed of not only a single region containing exonic segments joined at non-consensus splice sites but, instead, of several repeats of the non-canonically joined region. To investigate whether these PCR products represent pre-existing molecules or are generated during the amplification process, the liver cDNA template was replaced by a plasmid containing the P450 2C6 cDNA. Surprisingly, PCR products containing repeats of non-canonically joined exonic segments were again revealed. In some cases the position of this noncanonical joining was a sequence of one or two identical nucleotides; however, there were also a number of products lacking any nucleotide identity at the position of joining. DNA nicking and/or DNA damage is thought to favour recombination during PCR, probably by misalignment of incomplete DNA strands; however, the presence of multiple repeats of the recombined region in the PCR products identified suggests a certain repetitiveness of the underlying mechanism. It is therefore proposed that these products result from a template switching event that occurs several times during a single polymerization step, following a rolling circle model of DNA synthesis.
INTRODUCTION
The splicing process has a unique capability of accurately removing intronic sequences from pre-mRNAs. There is a general sequence conservation at the position of intron removal with the most pronounced feature being the terminal intronic dinucleotides. Nearly all introns start with GT and end with AG, with the exception being a small number of introns that follow an AT to AC dinucleotide rule (1, 2) . Moreover, by mutagenesis analysis it has been shown that splicing can also occur between additional pairs of terminal dinucleotides GC to AG, GT to AT, AT to AA and AT to AG (3) (4) (5) . Interestingly, the sequence of the terminal dinucleotides does not dictate which spliceosomal system is being used. Both the U2-and the U12-dependent splicing systems can be active on GT to AG or AT to AC introns (5) .
Additionally, it has been found that the order of the exons that are spliced together may not always follow the same order as in genomic DNA. Transcripts containing 3′ exons joined together with 5′ exons have been found in several cases, as well as single exons joined head-to-tail (6) (7) (8) (9) (10) (11) (12) . It has been proposed that these transcripts may represent circular RNA molecules, although the possibility of some being linear trans-spliced species has not been formally excluded. In vitro, with the use of splicing extracts, the detection of exonic RNA molecules with aberrant electrophoretic patterns, indicative of their circular nature, has been accomplished (13, 14) . Most recently, ribozymes have been engineered in a way that allows production of circular exons (15) .
In this report evidence is presented that, during the efforts to detect RNA transcripts that might not follow the canonical rules for exon joining, RT-PCR products containing segments of exons joined at non-consensus splice sites were revealed. However, these products do not represent pre-existing RNA molecules, but are rather generated during the PCR amplification process. Moreover, the mechanism that produces these species appears to be an inherent template switching ability of the polymerase itself.
MATERIALS AND METHODS

PCR analysis
Total RNA from rat liver was isolated by the guanidinium isothiocyanate method (16) and subjected to reverse transcription using random hexamers or oligo dT primers as described before (12) . PCR amplifications were performed using Perkin Elmer's model 2400 or 480 thermocyclers, for 1 min at 94_C, 1 min at the desired annealing temperature and 1 min at 72_C, in a total volume of 50 µl. The annealing temperature was identical to or at the most 3_C lower than the melting temperature of the oligos. Five units of Taq polymerase were used in a buffer containing 50 mM KCl, 10 mM Tris, pH 9.0, 0.1% Triton X-100, 2 mM MgCl 2 with 0.2 mM of each dNTP. For the nested amplifications, 1 µl from the initial amplification reaction was directly used. The PCR products were cloned after ligation with the pGEM T vector (Promega). Sequencing analysis of individual clones, that were randomly picked, was performed with dye-dideoxy nucleotides *Tel: +46 8 6089151; Fax: +46 8 6081501; E-mail: peza@cnt.ki.se using the facilities of Cybergene AB (Huddinge, Sweden). The inserts of the clones were fully sequenced ensuring that the expected PCR primers were present at the ends. Sequencing comparisons were performed using the GCG program of the University of Wisconsin.
P450 2C6 plasmid construct
The P450 2C6 cDNA clone in pGEM T vector that was used in the experiments of Figure 2 was generated by PCR amplification of rat testicular cDNA with primers 2C6 1F and 2C6 9R. Sequencing established that there was a nucleotide substitution (T!C) in exon 7, at position 32 of Figure 2 . This represents a normal mistake made by DNA polymerases, and could easily have occurred during the 40 cycles of PCR amplification that were performed in order to produce detectable amounts of that cDNA. This clone was digested with restriction enzyme PvuII, producing one fragment containing mainly insert sequences and another containing the remaining of the vector and then purified through a Wizard DNA Clean up kit (Promega), prior to the amplifications. 
RESULTS
Identification of RT-PCR products containing segments of P450 2C6 exons joined at non-consensus splice sites
It has previously been proposed that the process of exon skipping might be related with the process of joining exons with an order different to that of genomic DNA (10, 12) . For that purpose the pattern of expression of P450 2C6 was investigated in rat liver, the tissue that is known to express the highest amounts of that P450. Using RT-PCR analysis, with an exon 1 sense and an exon 9 antisense primers (Table 1) , the major product revealed was the canonically spliced mRNA of nine exons. Moreover, several exon skipped mRNAs were also detected: form A had skipped exons 2, 3, 4 and 5, form B had skipped exons 6 and 7 and form C had skipped all of these six exons (Fig. 1A) . Using sets of primers in both orientations of exon 6 (Table 1) , efforts were initiated in order to identify RNAs that might be composed of the skipped exons. Indeed a large number of PCR products was generated with the use of these primers (Fig. 1B) . However, none of these products was exclusively composed of exons that were spliced at their expected splice sites. There were always exonic segments joined at positions bearing no similarity to a canonical splice site consensus. Moreover, in many cases, these products were not composed of a single non-canonically joined exonic region but of several repeats of that region (see Table 2 for a schematic representation). In one case these repeats reached the number of four. All of the cloned and sequenced RT-PCR products from the liver amplification are shown in Figure 1C .
When the same exon 6 primers were used with cDNA from rat testis, a tissue that expresses much lower amounts of P450 2C6 than the liver, only a single PCR product was detected. This product contained a segment of exon 8 joined to a segment of exon 3 at a position with no similarity to a splice consensus. Moreover, PCR products containing incomplete exons joined together had previously been detected during amplification of P450 2C18 from human epidermis with primers in opposite orientation of a single exon (12) . In addition, when amplification of P450 2C18 was performed using exon 1 sense and exon 9 antisense primers, PCR products containing non-canonically joined exonic segments were also identified (data not shown).
PCR amplification of cloned P450 2C6 also results in products containing repeats of a recombined sequence
To investigate whether the identified RT-PCR products represent pre-existing RNA molecules or were generated during the RT-PCR amplification process, a cloned P450 2C6 cDNA was used for PCR with the same sets of exon 6 sense and antisense primers, as before. Surprisingly, the cDNA plasmid allowed the production of PCR products that had the same characteristics as the ones detected during RT-PCR, namely that several repeats of a non-canonically joined exonic region were present ( Fig. 2A) . However, none of these products was identical to the ones previously detected during the RT-PCR. When low amounts of plasmid cDNA were used for this amplification, recombination at only a single position was observed; however products containing varying numbers of repeats of this recombined region were identified. When higher amounts of cDNA were used, recombination at several different positions was detected (Fig. 2B) . These findings suggest that the more starting material, the higher the probability for such an event to occur. Moreover, this observation is also consistent with the fact that cDNA from testis (a tissue that expresses minimal amounts of 2C6) produced only a single type of recombined product, while cDNA from liver (a tissue that expresses much higher amounts of 2C6) produced a variety of products that had recombined at different positions.
The finding that plasmid DNA allows the production of PCR products containing recombined sequences strongly disfavors the possibility that the non-canonically joined products, previously detected during RT-PCR, could represent pre-existing RNA molecules or might have been generated during the reverse transcription step. In addition, the absence of any consensus sequence or of extensive sequence identity at the positions of joining suggests that there may not be a critical sequence preference for these events to occur. In line with this apparent 'random selection' of the recombination junction is the identification of distinct PCR products in each of the amplification experiments that involved the sets of the exon 6 primers.
DISCUSSION
The observation that during the PCR process, products can be generated containing segments that are not contiguous in the unamplified molecules has been noted before (17) (18) (19) . This in vitro recombination activity of the polymerase has been attributed to misalignment of prematurely terminated strands with homologous regions in the other strand. The misaligned strand would thus serve as a primer for the generation of a chimeric molecule during the subsequent elongation step. Moreover, DNA nicks would favor this in vitro recombination because they would allow the production of a population of incomplete strands that would tend to anneal at regions of partial homology (20) . More recently, this 
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model of in vitro recombination during PCR has been extended by the observation that recombination at homologous regions can also take place during a single primer extension step (21) . Thus, during the elongation step, the polymerase along with the extending strand has the capability to switch to another template, at a region of partial homology, therefore generating a recombined molecule. This type of template switching recombination, also termed copy choice recombination, represents one of the two major models proposed to explain genetic exchange, the other being the breaking and rejoining model. Although there has been overwhelming support for this latter model as the major mechanism of genetic recombination (22, 23) , there is still evidence for a role of copy Table 2 . Schematic representation of the positions of the exon 6 primers in the P450 2C6 cDNA and general structure of the PCR products identified
The non-canonical joinings are indicated by zigzag vertical lines. Note that, although PCR products with different non-canonical joinings were identified, the non-canonical joinings present in each of the multi-repeat containing molecules were always identical.
choice recombination in some biological processes. For example, several polymerases including reverse transcriptase and Escherichia coli polymerases PolI and PolIII have been shown to either switch templates at regions of extensive homology or to slip between small direct repeats in vitro (24) (25) (26) (27) (28) . In vivo, copy choice recombination events between small repeats has been proposed to occur in yeast and E.coli (29, 30) . Moreover, template switching is considered to be the prevailing mechanism of recombination in RNA viruses (31) .
The recombined PCR products that have been identified in this report contain, in some cases, one or two identical nucleotides (in fact, only A or T) at their recombination junction. However, there were also a number of products with no sequence identity at all in this position. Therefore, partial homology appears not to be a prerequisite for these events to take place, although it is conceivable that it might enhance the frequency of occurrence of such an event. What then would be a plausible mechanism that could rationalize the production of such molecules? If, for example the polymerase pauses at certain sites during one PCR cycle, then during the subsequent cycle the prematurely terminated strands might, by misalignment, serve as primers to generate recombined molecules. However, in order to account for the identification of PCR products that contained several identical repeats of the recombined sequence, one would have to assume A B Figure 3 . Proposed mechanism for the generation of PCR products containing several identical repeats of a recombined region. The polymerase initiates DNA synthesis at a specific priming sequence of the original template (A) and (B). At some nucleotide position during the elongation process the polymerase with the extending strand slips to a downstream nucleotide position of the same template and keeps the elongation process (B) and (C). The loop structure of the template molecule, that has been generated by the slippage event, is maintained by the complementarity with the newly synthesized strand (C). This growing strand displaces the previously synthesized strand during several rounds of DNA synthesis (D) resulting in a molecule, containing a large number of identical repeats (E). During the subsequent PCR amplification steps, there will be a tendency to amplify molecules having a single recombined region, since a number of internal priming sites will be present in the multi-repeat containing molecules (E). However if the rolling circle synthesized DNA contains a large number of repeats, PCR products with more than one repeat could easily be identified.
that premature termination and subsequent misalignment would keep occurring at the same positions during a number of cycles, using longer and longer misaligned molecules as primers, and this process could even take place at positions of no sequence identity. This interpretation becomes even more unlikely, since, at the same time, recombination events at different positions would also be occurring, resulting therefore in the generation of mixed molecules, i.e., molecules containing several DNA regions that had recombined at different positions. To account for the fact that repeats of the same recombined region were always present in the multi-repeat containing molecules, a more plausible scenario might be outlined as follows: during a single elongation step, the extending polymerase may switch template or, even more simply, just slip back to another position of the original template. This slippage event could occur several times during the elongation, because the newly synthesized strand, being complementary to the original template, would stabilize the loop structure that had been generated on the slipped template (Fig. 3) . Therefore, following a rolling circle model of DNA synthesis, several identical repeats of the recombined region could be produced. In fact, this rolling circle model of template switching provides a reasonable interpretation that is consistent with the finding of the presence of the same type of repeat and not of combinations of different types of repeats in the multi-repeat containing PCR products. Non-homologous recombination events, in a cell-free system, have also been observed with replicable RNA molecules (28) . However, the mechanism proposed to rationalize these findings was suggested to be a splicing-like transesterification process that is guided by the secondary structure of the RNA molecule and not that of a template switching activity of the replicase enzyme. On the other hand, since these experiments involved amplification by replicase in the order of 10 12 , followed by RT and then a two-step PCR, it is still conceivable that some of the recombined molecules detected may represent products of copy choice events.
In summary, evidence has been presented in this report that, in vitro, Taq polymerase has the capability to promote recombinational events that appear to follow a copy choice mechanism and, moreover, can take place at positions of no detectable homology. Given the accumulated evidence that template switching is a recombination process that may occur with a number of different polymerases, at homologous regions, it could be speculated that polymerases, in general, might have an inherent capability to slip, at a low frequency, to a different template or to a different position in the same template, even at non-homologous regions. Although the exponential increase of newly synthesized DNA during the PCR process facilitated the detection of such recombined molecules, the frequency of occurrence of these copy choice events is apparently quite low. If such phenomena do indeed occur in vivo, considerably more effort would be required to unambiguously identify them.
